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Xylenes, which include 3 isomers, i.e. p-xylene, o-xylene, and m-xylene, are important 
petrochemicals.[1] Individual and mixed xylene isomers are widely used as chemical 
intermediates to make polyesters and as solvents in printing, rubber, and leather industries 
as well as in household products (aerosol paints and lacquers).[1] Volatilization of xylenes in 
air can impair the human respiratory system, the central nervous system, liver, kidneys, eyes 
and skin.[2] The U.S. National Institute for Occupational Safety and Health (NIOSH) 
recommended long- and short-term exposure limits for xylenes of 100 and 150 ppm, 
respectively.[2a] Though xylene isomers have similar structural and physical properties, they 
have different industrial applications.[1] The 3 xylene isomers are metabolized by different 
pathways in the body.[3] Hence, the detection and discrimination of xylene isomers is 
essential in environmental monitoring and healthcare.[2-3]  
In principle, high-resolution gas chromatography (HRGC) can be used to detect and 
discriminate xylene isomers.[4] However, it requires expensive equipment and well-trained 
operators, making HRGC-MS unsuitable for environmental monitoring. A number of methods, 
including mass sensor arrays,[5] chemiresistor sensor arrays,[6] metal oxide semiconductor 
based sensors[7] and cataluminescence sensor arrays,[8] have been developed for cost-
effective detection of xylene isomers. Although selective detection has been achieved with 
arrays of sensors, their detection limits are always very high (e.g. 104 ppm, 103 ppm, and 400 
ppm as reported in references.7c, 5 and 6, respectively).  Five ppm p-xylene has been 
detected using cobalt-doped zinc oxide nanowire-based sensors.[7b] However, such metal 
oxide semiconductor-based sensors only work at a relatively high temperature (>400ºC) and 
no selectivity regarding the other isomers of xylenes has been reported for these sensors. 
Therefore, detection of xylene isomers with high selectivity and sensitivity below the health 
threshold level of 100 ppm remains a significant challenge. A reliable selective sensor for the 
detection of mixed xylene isomers, widely used as solvents in the chemical industry, is 
lacking.  
We here report an ambipolar diketopyrrolopyrrole (DPP) copolymer field effect 
transistor (FET)-based sensor to selectively and sensitively detect xylene isomers at 40 ppm, 
which is below the NIOSH long-term exposure limit for xylene isomers. The rationale behind 
this approach is that an ambipolar FET that can operate alternatively in n-channel and p-
channel modes has been adopted for the generation of double-sensing parameters in hole 
and electron changes rather than using a unipolar FETs.[9] Therefore, it is reasonable that an 
ambipolar FET sensor would provide more degrees of freedom to enhance the selective 
detection of structurally highly similar chemicals, e.g. between isomers. Indeed, by combining 
multiple sensing parameters derived from hole and electron effects obtained from the one 
ambipolar FET with a pattern recognition algorithm, chemical fingerprints for each of the 
xylene isomers can be taken that allow clear discrimination between structurally similar 
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isomers. The ambipolar FET sensor can also selectively detect solvents of binary and ternary 
o-, p-, and m- xylene mixtures at different ratios via vapor sensing.  
An alternating copolymer, poly(diketopyrrolopyrrole-terthiophene) referred to as 
PDPPHD-T3 (Figure 1a), was synthesized by Stille coupling, using hexyldecyl substituted 
thiophene flanked DPP with thiophene as previously reported.[10] Polymer characterization 
data can be found in Supporting Information Figure S1-5. A long alkyl, hexyldecyl, chain was 
attached to the DPP block to help the processing of a solution of the polymer. The 
conjugated main chains of PDPPHD-T3 probably have a high affinity for aromatic xylene 
isomers. Figure 1b shows a Scanning Electron Microscope (SEM) image of the spin-coated 
PDPPHD-T3 film between source and drain electrodes. It is apparent that the PDPPHD-T3 
chains have self-assembled into nano-fibrillar structure of average diameter 34 nm. This 
structure has a large surface-to-volume ratio, creating a large area suitable for adsorption of 
molecules. The film structure has also been examined by grazing-incidence wide-angle X-ray 
scattering (GIWAXS). The peak at q ~1.7 Å-1 (most prominent in the out-of-plane trace) 
corresponds to the - stacking of polymer backbones with a 0.37 nm d-spacing (Figure 1c). 
The peak located at q ~0.34 Å-1 (most prominent in the in-plane trace) corresponds to the 
alkyl stacking of polymer chains with a 1.85 nm d-spacing. The corresponding 2-dimensional 
scattering image is shown in Figure S6 in the Supporting Information. Considering the 
molecular size of the xylene isomers (Table 1), we consider that the xylene isomers diffuse 
into the PDPPHD-T3 crystallites, especially between their side-chains. The representative 
example in Figure 1d shows the source-drain current (Ids) vs gate voltage (Vg) curves of the 
PDPPHD-T3 polymer FET under N2. The polymer FET shows a typical V-sharp ambipolar 
transfer character; notably, the conductive channel can transport both electron and hole 
charge carriers. FET parameters for both electron and hole transport, such as electron 
mobility (µe), hole mobility (µh), electron threshold voltage (Vth-e), hole threshold voltage (Vth-h), 
electron subthreshold swing (SSe) and hole subthreshold swing (SSh), can be calculated from 
the linear and logarithmic Ids-Vg plots and also used as sensing parameters for xylene 
exposure (details of FET parameter calculations can be found in the Supporting Information). 
The calculated hole mobility, hole threshold voltage, electron mobility and threshold voltages 
of PDPPHD-T3 FET under N2 are 0.125 cm2/(V.s), -13.9 V, 0.027 cm2/(V.s) and 4.48 V, 
respectively.  
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Figure 1. (a) Schema of the synthesis of PDPPHD-T3. (b) SEM image of a spin-coated 
PDPPHD-T3 film on octadecyltrichlorosilane (OTS)-treated SiO2/Si. (c) In-plane and out-of-
plane GIWAXS profiles of a PDPPHD-T3 film. (d) Typical linear and logarithmic scale Ids-Vg 
curves of a PDPPHD-T3 FET under N2. Inset: Schematic image of a PDPPHD-T3 FET 
device. The polymer FET was measured in hole accumulation mode.  
 
 
 
Table 1. Physical properties of xylene isomers 
Xylene 
isomers 
Chemical 
structure 
Boiling 
point [°C]
Vapor 
pressure 
[mmHg] 
Dipole 
moment 
[D] 
Kinetic 
diameter 
[mm] 
o-xylene 
 
144.4 7 0.64 0.65 
m-xylene 
 
139 9 0.37 0.64 
p-xylene 138.35 9 0.07 0.58 
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Based on the measured Ids-Vg curves, multiple sensing parameters, changes in: hole 
voltage threshold, ∆Vth-h, hole mobility, ∆µh/µhb, hole subthreshold swing, ∆SSh, electron 
voltage threshold, ∆Vth-e, electron mobility, ∆µe/µeb, and electron subthreshold swing and 
∆SSe were calculated and plotted as a function of time (Figure 2a-f). The sensing responses 
in N2 flow were set as a baseline, and those towards xylene exposure are reflected in the 
change of Ids.  As an example, the change of Ids at Vg = 10 V has been plotted in Figure S7. 
The PDPPHD-T3 FET sensor responded to all 3 isomers of xylene over a wide concentration 
range using all 6 selected sensing features. Note that the PDPPHD-T3 FET sensor could 
detect xylene isomers down to 40 ppm, lower than he NIOSH recommended long-term 
exposure limit of 100 ppm for xylenes. With increasing xylene concentration, the absolute 
values of the sensing responses increased. Most of the sensing parameters reverted to near 
baseline levels after 5 min exposure to a pure N2 flow. The 6 sensing parameters have 
different responses towards xylene exposure; specifically, ∆Vth-e and ∆Vth-h both gave a 
positive response to xylene isomers, whereas ∆µe/µeb, ∆µh/µhb, ∆SSe and ∆SSh gave a 
negative response. For the same concentration of xylene isomers, the sensing features gave 
similar, but variable responses. For example, ∆µe/µeb at 40 ppm gave similar responses for o-
xylene and m-xylene (µe decreased by 3.7 ± 0.3% and 3.6 ± 0.3%, respectively), but differed 
for p-xylene (µe decreased by 4.3 ± 0.2%). While ∆µh/µhb gave similar responses to o-xylene 
and p-xylene (µh decreased by 0.55 ± 0.05% and 0.56 ± 0.06%, respectively), they differ from 
m-xylene (µh decreased by 0.47 ± 0.1%). The differences in multiple sensing responses can 
discriminate structurally similar xylene isomers from one another.    
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Figure 2. Time-dependent responses as expressed by: (a) ∆Vth-e, (b) ∆µe/µeb, (c) ∆SSe, (d) 
∆Vth-h, (e) ∆µh/µhb, and (f) ∆SSh of a PDPPHD-T3 FET after exposure to different xylene 
isomer vapors at varying concentrations. PCA score plots for the 3 xylene isomers at 40 ppm. 
(g) 6 sensing parameters (∆Vth-h, ∆Vth-e, ∆µh/µhb, ∆µe/µeb, ∆SSh, and ∆SSe) obtained by one 
PDPPHD-T3 sensor were used. (h) Only electron response parameters (∆Vth-e, ∆µe/µeb, and 
∆SSe) were used. (i) Only hole response parameters (∆Vth-h, ∆µh/µhb, and ∆SSh) were used. 
(j) Euclidean distance of ANN outputs using a sole PDPPHD-T3 ambipolar FET sensor to 
identify o-xylene, m-xylene, p-xylene, and their binary and ternary mixture solvents. 
 
Encouraged by the nature of the human olfactory system, where arrays of cross-
reactive chemical sensors conjugated with pattern recognition methods can achieve selective 
sensing of analytes,[11] the multiple sensing responses of PDPPHD-T3 FET can be used to 
provide a fingerprint of each xylene isomer. By this approach, the device features extracted 
from the PDPPHD-T3 FET serve as an array of 6 virtual sensors, where each has its own 
cross-reactive behavior towards a specific isomer or mixture of isomers. Figure 2g shows 
the principle component analysis (PCA) plot of PDPPHD-T3 FET with 6 sensing parameters 
in response to different xylene isomers at a concentration of 40 ppm. Figure 2g shows each 
of the structurally similar xylene isomer can be clearly distinguished from the others by 
forming well-separated clusters in the principle component space. Note that the selective 
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detection of structurally similar xylene isomers is achieved with a single PDPPHD-T3 FET 
sensor rather than arrays of sensors.[5, 8, 12] Furthermore, PCA was analyzed using either only 
electron or hole sensing parameters (Figure 2h and Figure 2i, respectively). The use of only 
the electron sensing parameters results in a clear clustering of 3 xylene isomers. However, if 
only hole sensing parameters were used for the PCA analysis, o-xylene can be clearly 
distinguished from p-xylene and m-xylene, but p-xylene and m-xylene are misclassified. 
Linear discriminant analysis (LDA) also used to discriminate between xylene isomers showed 
that they can be successfully classified with 100% sensitivity, specificity and accuracy in 
most cases, even when only 2 sensing features of a sole ambipolar FET sensor had been 
used (Table S1). Statistically differences (p-values) between canonical variables of the 
different xylene isomer classes were estimated by Student’s t-test, all being <0.0001 (p<0.05 
being accepted as significant).   
 PDPPHD-T3-coated quartz crystal microbalance (QCM) measurements (see 
Supporting Information) showed increased mass after xylene exposure, suggesting that 
xylene molecules diffused and adsorbed onto the polymer film (Figure S8). The QCM sensor 
recorded a very similar mass increase with the 3 xylene isomers at the same concentration, 
suggesting that PDPPHD-T3 has no appreciable selective adsorption. Therefore, it can be 
inferred that the selective detection of xylene isomers is based mainly on their different 
impacts on the electronic properties of PDPPHD-T3.  
After xylene exposure, the amount of adsorption on the polymer film increased rapidly 
over the first 8 seconds, corresponding to the diffusion and adsorption of molecules into the 
shallow space of polymer film. Then the mass of xylene increased slowly, corresponding to 
their adsorption into the deep space of polymer film. Much more xylene accumulates on the 
shallow space than the deep space. Thus sensing responses are largely due to adsorption in 
the shallow space. It takes 12 seconds in our FET sensor for one measurement, which is 
longer than the time taken for xylene molecules diffusing into the shallow space of polymer 
film. The adsorption equilibrium of xylene on the polymer film controls the sensing response. 
Therefore, the sensing processing is mainly limited by adsorption thermodynamics rather 
than by diffusion. 
The 3 xylene isomers are miscible with each other in any ratio because of their similar 
physical properties, and mixed xylenes are widely used in industry. To selectively detect 
xylene mixtures (cocktails), an artificial neural network (ANN)-based model was used. Six 
sensing parameters of a sole PDPPHD-T3 sensor towards 10 xylene mixtures (the 
components of the mixed xylene are listed in Table S2) were set as the input layer of the 
ANN. The contents of o-, m-, and p-xylenes in mixtures ranging from 0 to 1 were set as the 
output layer. The Euclidean distance between the estimated and real values was used to 
evaluate the discriminatory power of the sensor. Figure 2j shows all calculated Euclidean 
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distances to be below 0.1, showing that the ANN model can correctly distinguish between 10 
xylene mixtures. 
To understand the positive and negative responses achieved by the PDPPHD-T3 
FET sensor, Density Functional Theory (DFT) was used on a DPPHD-T3 dimer, i.e. a 
fragment of PDPPHD-T3, and its complexes with xylene isomers by applying the B3LYP/6-
311+G* calculation. The optimized geometries of p-xylene, o-xylene and m-xylene adsorbed 
onto DPPHD-T3 dimers are shown in Figure 3. All electron deficient xylene isomers are 
adsorbed on the electron-rich thiophene units due to donor-acceptor and van der Waal’s 
interactions. The different methyl substitution positions in the benzene ring produce different 
molecular symmetries and electron density distribution of the isomers, and thus the 
optimized position of xylene isomers on PDPPHD-T3 differ from each other.   
In general, for an ambipolar FET, the metal electrode Fermi level (EF) is located 
between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO). The energy difference between the metal electrode EF and the HOMO and 
LUMO levels leads to the formation of hole and electron injection barriers, respectively, 
which affects their injection rates.[13] DFT-calculated HOMO and LUMO energies of the 
DPPHD-T3 dimer before and after the adsorption of xylene isomers are given in Table 2 and 
the corresponding molecular orbitals have been plotted in Figure S9. After adsorbing xylene 
isomers, the HOMO and LUMO energies of the DPPHD-T3 dimer all increase, resulting in a 
decrease in the hole injection barrier and increase in the electron injection barrier (Figure 
3d). When the PDPPHD-T3 FET is operated in hole accumulation mode (Vg sweeps from a 
positive to a negative voltage), a decrease in the hole injection barrier will make the hole 
conduction channel open at a higher positive gate voltage, while an increase in the electron 
injection barrier will make the electron conduction channel close at a more positive gate 
voltage. As a result, the Vth_e and Vth_h will shift to a higher positive gate voltage after xylene 
exposure. These results are agree with the experimental sensing response of PDPPHD-T3 
to xylene isomers (Figure 2a and Figure 2d). The different xylene isomers have different 
impacts on the HOMO/LUMO energies of PDPPHD-T3. These differences lead to differences 
in the polymer FET multiple transfer properties that result in distinct sensing patterns for the 
selective sensing of structurally similar xylene isomers. Note that the DFT calculations are 
based on the molecule in vacuum and omit the interaction between polymer chains to 
simplify the calculation. In the real polymer film, xylene adsorption-induced changes of 
polymer electric properties are more complex and are also affected by molecular aggregation 
of the polymers. Nevertheless, DFT calculation can be used to explain the trend of xylene 
adsorption-induced changes of polymer electric properties.  
To support the results from DFT calculation, complexes of PDPPHD-T3 polymer and 
xylene isomers can be experimentally seen in peak shifts in IR spectrum of the PDPPHD-T3 
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film. Figure S10a is the IR spectrum of the drop-cast PDPPHD-T3 film measured under 
Argon flow. Stretching vibrations of the aryl ketone C=O and C-N bonds of 
diketopyrrolopyrrole occur at 1673 and 1220 cm-1. Peaks at 2922 and 2853 cm-1 are 
stretching vibrations of CH3 and CH2 of the hexyldecyl ligand of diketopyrrolopyrrole. Peaks 
at 1566 and 1445 cm-1 correspond to asymmetric and symmetric C=C stretching vibrations, 
respectively, whereas those at 1335 cm-1 to C-C stretching vibrations in the thiophene ring. A 
peak at 3064 cm-1 is due to the stretching vibrations of C-H of the aromatic rings.[14]  As 
predicted, after exposure to different xylene isomers, more than half of the peaks of 
PDPPHD-T3 (marked in bold and violet color in Figure S10) had shifted (Figure S10a-c). 
For instances, stretching vibrations of aryl ketone C=O (1673 cm-1), asymmetric and 
symmetric C=C (1566, 1445 cm-1), C-N bond (1220 cm-1), and C-C (1335 cm-1) of PDPPHD-
T3 polymer all shifted to lower wavenumber at 7 to 15 cm-1. This is evidence of interaction 
between xylene isomers and the polymer backbone. However, stretching vibrations of the 
CH2 peak of hexyldecyl ligand shifted from 2922 cm-1 to a higher wavenumber at 9 to 11 cm-1 
due to Van Der Waal’s interaction between hexyldecyl ligand and xylene. Moreover, the 
interaction between xylene and PDPPHD-T3 polymer is reversible because the peak shifts 
back to its original position during the desorption step, i.e. xylene flushed out by argon flow 
(Figure S11). 
The PDPPHD-T3 polymer film is also swollen by the diffusion of xylenes. Specifically, 
xylene-induced polymer film swelling will result in less-tightly packed PDPPHD-T3 nanofibres, 
as also a decrease the order of polymer chain packing, resulting in an increase in film 
resistance. Therefore, both the electron and hole mobility of the PDPPHD-T3 polymer film 
will decrease after xylene exposure, as was seen in the xylene exposure experiments 
(Figure 2c and e).  
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Figure 3. Electron density distribution in the DPPHD-T3 dimer with (a) o-xylene, (b) m-xylene, 
and (c) p-xylene, optimized by the B3LYP density functional theory method using the 6-
311+G* basis set. (d) Schematic diagram of the change in hole/electron injection barriers 
between a metal electrode and the ambipolar polymer due to xylene adsorption.  
 
 
Table 2. HOMO, LUMO, and band gap energies (eV) of the DPPHD-T3 dimer and their 
complexes with different xylene isomers 
 
 DPPHD-T3 
dimer 
DPPHD-T3 
dimer + p-
xylene 
DPPHD-T3 
dimer + m-
xylene 
DPPHD-T3 
dimer + o-
xylene 
LUMO -3.138 -3.105 -3.097 -3.108 
HOMO -5.007 -4.947 -4.968 -4.961 
 
 
In summary, we have developed an FET sensor based on an ambipolar semi-
conducting polymer to detect xylene isomer vapors at 40 ppm, i.e. below the long-term 
permissible exposure limit  of 100 ppm recommended by NIOSH. The ambipolar FET 
generates multiple sensing parameters in electron and hole conduction towards xylene 
isomers. Using a combined pattern recognition method along with multiple sensing 
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parameters from a single ambipolar FET, chemically and structurally similar xylene isomers, 
as well as binary and ternary xylene mixtures, can be precisely identified. The sensing 
mechanism was investigated by DFT calculations showing that both HOMO and LUMO 
energy levels of the polymer increase with the amount of adsorbed xylene isomer. As a result, 
the hole injection barriers of the ambipolar FET decreases, facilitating hole transport, 
whereas the electron injection barriers increase, suppressing electron transport. Complexes 
of PDPPHD-T3 polymer and xylene isomers have been experimentally monitored by FTIR. 
Electrical properties are also affected by the swelling of the polymer film due to xylene 
diffusion. Our investigations could lead to the development of cost-effective and low-power 
sensors for sensitive and selective detection of structurally similar chemicals and their 
mixtures.  
 
Experimental Section 
FET Sensor Fabrication: PDPPHD-T3 FETs were prepared on (100) silicon wafers capped 
with 300 nm thermal oxide. Ti/Au (10/200 nm) bottom gate electrode was deposited by 
electron beam evaporation. Forty-nine pairs of circular interdigitated source and drain Au 
(200 nm) electrodes were prepared using photolithography and electron-beam evaporation. 
The outer diameter of the circular electrode area was 3000 μm, and the gap between the 2 
adjacent electrodes, the width of each electrode being 25 and 5 μm, respectively. The silicon 
wafers were treated on oxygen plasma for 5 min. The silicon wafers were immersed in 
octyltrichlorosilane (OTS) in toluene (40 mM, 20mL) for 10 h in N2 glove-box. Finally, 
PDPPHD-T3 films were deposited on the OTS-treated substrates by spin-coating using a 
PDPPHD-T3 solution (8 mg/mL) in chloroform. The polymer film thickness was ~320 nm 
measured by a step profiler. The surface morphology of spin-coated PDPPHD-T3 film was 
characterized by scanning electron microscopy (Zeiss Ultra-Plus FEG-SEM).  
 
FET Sensor Measurements: PDPPHD-T3 FET sensor was loaded into a stainless steel 
chamber with ~170 cm3 volume. The vapors of o-, m-, and p-xylenes were produced by a 
computer-controlled bubbler system. N2 was used as a carrier gas as well as a reference gas. 
The flow rate was kept at 3L/min during the experiment. Xylene mixtures were prepared by 
mixing liquids of pure o-, m-, and p-xylenes at selected (volume) ratios (Table S1). Vapor 
concentrations of xylene mixtures were set as Pa/Po = 0.05, where Pa and Po stand for the 
xylene mixture VOC's partial pressure and saturated vapor pressure, respectively. Source-
drain current (Ids) versus gate voltage (Vg) measurements (swept between 10 and -60 V with 
0.5 V steps and-70 V constant source-drain voltage, Vds) were carried out using a Keithley 
2636A system SourceMeter and 3706 system Switch/Multimeter. 
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Computational Methods: Gaussian 09 soft was used to calculate the molecular structure, the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
energy of formation of complexes of PDPPHD-T3 with each xylene isomer, using a DFT 
method at the B3LYP/6-311+G* level. 
Pattern Recognition Methods: Principle component analysis (PCA) and linear discriminant 
analysis (LDA) for xylene isomers used JMP 10 software (SAS Institute Inc.). PCA finds 
projection weights for sensor response data that maximize total response variance in 
principal components, where dimension capturing greatest variance is given by PC1, and the 
dimension capturing the second greatest variance (subject to being orthogonal to PC1) is 
given by PC2, etc. LDA finds linear combinations of sensing features that separate 2 or more 
classes of objects. In binary classification, LDA predicts membership in 2 categories based 
on known continuous sensing responses.    
Artificial Neural Networks: A feed-forward 3-layered multilayer perceptron (input, hidden, and 
output) ANN model was used for the classification of xylene mixtures. The 6 sensing 
parameters of each xylene mixture at a vapor concentration of Pa/Po = 0.05 were set as the 
input nodes of the ANN. The 3 xylene isomers were encoded with dependent vectors in a 3-
dimensional space and were set as the 3 neurons in the output layer. The ranges of the 
vector lengths of the 3 xylene isomers were set from 0 to 1, corresponding to the content of a 
determined isomer in the xylene mixtures. A vector length equal to 0 means that a specific 
isomer in the xylene mixture absent, while a vector length equal to 1 means the detected 
mixture contains only one xylene isomer. The database obtained from a sole PDPPHD-T3 
sensor was randomly split into 2 datasets, the learning dataset and the verification dataset. 
The Euclidean distance between the estimated and the real vector was used to calculate the 
discriminatory power of the PHPPHD–T3 sensor towards the mixed xylenes. Optimized ANN 
parameters and functions are listed in Table S3.  
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